Potassium channels are important for such cellular electrical properties as resting potential, excitability, and the repolarization of the action potential. Thus, modulation of these channels can profoundly affect physiological processes including neuronal integration, vesicle secretion, and muscle contraction. The modulation of potassium channel activity by serine-threonine kinases has been studied extensively (1). The recently discovered PYK2 tyrosine kinase (2), as well as endogenous tyrosine kinases in human embryonic kidney (HEK) 293 cells (3), can also phosphorylate and suppress the activity of potassium channels. In spite of emerging evidence concerning the functional effects of tyrosine phosphorylation of potassium channels, there is no information available about the mechanisms of targeting and association of these channels with tyrosine kinases. However, the existence of signaling complexes consisting of ion channels and closely associated protein kinases and phosphatases has been inferred from biochemical and functional electrophysiological studies (4). Specific protein-protein interactions between signaling proteins are mediated by modular binding domains (5) . Among the first of these to be characterized was a conserved sequence found in the Src tyrosine kinase, known as the Src homology 3 (SH3) domain. SH3 domains bind to proline-rich regions in partner proteins. We examined the sequences of mammalian voltage-dependent potassium channels, and noted that several species isoforms of Kv1.5-including those from human (hKv1.5), dog, and rabbit (6)-contain one to two copies of the preferred Src SH3 domain binding motif RPLPXXP (7, 8) . In particular, hKv1.5 contains two repeats of the sequence RPLPPLP between amino acid residues 65 and 82 of the channel protein (6, 8, 9) . To determine whether hKv1.5 and Src are associated in vivo, we coexpressed the channel and kinase in HEK 293 cells and tested for their interaction by immunoprecipitation followed by protein immunoblotting with specific antibodies to hKv1.5 and Src (10).
When hKv1.5 and associated proteins were immunoprecipitated from cell lysates with a specific antibody, Src was co-precipitated (Fig. 1A) . Similarly, when Src and associated proteins were immunoprecipitated from HEK 293 cell lysates, hKv1.5 co-precipitated with endogenous and coexpressed Src (Fig. 1A) . Expression of hKv1.5 protein was not altered by v-Src coexpression, as verified by protein immunoblot analysis of cell lysates with antibodies directed against tagged (Fig.  1A) and native ( Fig. 2A) sequences of the channel. Furthermore, immunoblot (Fig. 1A) or protein silver stain (Fig. 3A) analysis of immunoprecipitates demonstrated that the efficiency of immunoprecipitation of hKv1.5 was not affected by v-Src coexpression. Enzymatic activity of Src also co-precipitated with hKv1.5, as detected by an in vitro kinase assay with hKv1.5 immunoprecipitates and an Srcspecific substrate (11) (Fig. 1B) .
The association between hKv1.5 and Src was also observed in human tissue. Native Src was detected in immunoprecipitates, prepared with a Kv1.5 antiserum, from human myocardium ventricle tissue lysates (Fig. 1C) . The native Src that co-immunoprecipitated with native Kv1.5 co-migrated on protein immunoblots with native Src, immunoprecipitated directly with a polyclonal anti-Src antibody (Fig. 1C) . Thus association of hKv1.5 and Src occurs under physiological conditions, and does not depend on expression in a heterologous system. This association may contribute to the co-localization of Kv1.5 and Src in cellular adhesion zones in myocardium (12). Although the stoichiometry of the association between hKv1.5 and Src is not known, only a fraction of the total myocardial Src coimmunoprecipitated with hKv1.5 (Fig. 1C) , consistent with the fact that Src phosphorylates other substrates.
There are specific sequence requirements for the association of hKv1.5 and Src. For example the NH 2 -terminal region of the rat Kv1.5 (rKv1.5) channel also contains a pro-line-rich motif (9, 13), but this sequence (RPLPPMA) (8) does not appear to be favorable for binding to the Src SH3 domain, as shown by the absence of selection of this sequence with phage display libraries (7) . In contrast to hKv1.5, rKv1.5 failed to co-immunoprecipitate with Src ( Fig. 2A) . Thus, the association between channel and Src is detected only for the hKv1.5 channel isoform, possibly because its proline-rich binding motif is preferred by the Src SH3 domain. In addition phospholipase C-␥ and the p85 regulatory subunit of phosphatidylinositol 3-kinase, which contain SH3 domains with different binding sequence requirements than that of Src (7), do not co-immunoprecipitate with hKv1.5 (14).
We tested hKv1.5 binding to the Src SH3 domain itself expressed as a fusion protein with glutathione-S-transferase (GST) (15). Cell lysates prepared from vector control and hKv1.5 transfected cells were incubated with a GST fusion protein containing the Src SH3 domain (GST-Src-SH3) or no insert (GST).
The hKv1.5 protein was effectively precipitated by GST-Src-SH3, but not by GST (Fig. 2B) . The specificity of this interaction was tested by preabsorption of the fusion proteins with a peptide containing the sequence of the proline-rich region of hKv1.5 (peptide hKv1.5 62-83 ). Binding of hKv1.5 to GST-Src-SH3 was attenuated by preabsorption of the fusion protein with peptide Kv1.5 (Fig. 2B) . The direct binding of the Src SH3 domain to hKv1.5 was demonstrated in a filter binding assay (far Western blot). GST-Src-SH3 bound to hKv1.5 on the filter, whereas no binding was detected with rKv1.5 (Fig. 2C) . The role of the proline-rich motif in the channel in the binding of GST-Src-SH3 to hKv1.5 was demonstrated further by the absence of filter binding after preabsorption of the GST-Src-SH3 with peptide hKv1.5 (Fig. 2C) .
The hKv1.5 protein was tyrosine phosphorylated when it was coexpressed with v-Src (Fig. 3A) . To determine whether coexpression of v-Src influenced channel activity, we measured hKv1.5 macroscopic currents in cell-attached membrane patches, with and without v-Src coexpression (3, 16) . Current through hKv1.5 channels was suppressed when the channel was coexpressed with v-Src (Fig. 3B) , even though channel protein expression was not altered (Fig. 3A ; see also Figs. 1A and 2A). We do not yet know whether the suppression of hKv1.5 current (Fig. 3B) results from tyrosine phosphorylation of the channel protein (Fig. 3A) , or whether direct binding of hKv1.5 to Src is required for either of these phenomena.
Many mammalian ion channels, including channels that are known to be modulated by tyrosine kinases, have proline-rich sequences that may bind to SH3 domains (9) . Furthermore, signaling complexes containing multiple protein kinases, or ion channels together with scaffolding and regulatory proteins, may be common in cells (4, 17) . Potential consequences of a closely associated channel-kinase signaling complex include increased specificity of signaling pathways, faster coupling, and a higher probability of channel phosphorylation after kinase activation. (10) . Expression of hKv1.5 was measured on protein immunoblots of cell lysates probed with anti-tag-hKv1.5 (top panel). Densitometry of autoradiograms was used to quantitate channel expression. For each experiment, the density (expression level) of hKv1.5 transfected alone was set to 1. When Src was cotransfected, the relative density of hKv1.5 was 0.98 Ϯ 0.05 (mean Ϯ SEM; n ϭ 9; not significant by t test). Immunoblot analysis of anti-tag-hKv1.5 immunoprecipitates (IP) with anti-tag-hKv1.5 probe (second panel) confirmed that the efficiency of immunoprecipitation of hKv1.5 (density set to 1) was not affected by coexpression of v-Src (relative density 1.06 Ϯ 0.10; n ϭ 8; not significant by t test). Src that co-immunoprecipitated with hKv1.5 was detected by probing anti-tag-hKv1.5 IP with anti-Src (third panel). The hKv1.5 that co-immunoprecipitated with endogenous c-Src and expressed v-Src was detected by probing anti-Src IP with anti-tag-hKv1.5 (bottom panel). (B) HEK 293 cells were transfected as in (A). Anti-taghKv1.5 IP were assayed for Src activity (21) by incubation with or without the Src substrate fusion protein G10A. The reaction products were separated on protein immunoblots that were probed with antibody 4G10 to phosphotyrosine (n ϭ 4). (C) Native Src that co-immunoprecipitated with native Kv1.5, or was immunoprecipitated directly with anti-Src, was detected by probing IP prepared from human myocardium tissue lysates (separated on immunoblots) with anti-Src (n ϭ 4). IP with an antiserum (3) (3, 10) .
The CMV vector encoding rKv1.5 was provided by J. Trimmer. For fusion protein precipitation experiments, cell lysates were incubated overnight at 4°C with GST fusion protein (1.0 g/ml of cell lysate) (22) . The GST fusion proteins and bound proteins were separated from unbound protein by incubation with glutathioneagarose beads. Where indicated, GST fusion proteins were preabsorbed by incubating with 100 times greater concentration of peptide NH 2 -SGVRPLPPLP-DPGVRPLPPLPE-COOH (peptide hKv1.5 62-83 ; BioSynthesis, Lewisville, TX ) (8) . The proteins bound to the washed agarose beads were separated by SDS-PAGE, and immunoblots were probed with anti-taghKv1.5. 16. Patch-clamp recordings of macroscopic currents were made in the cell-attached patch configuration (3). Patches were held at Ϫ90 mV and stepped to depolarizing potentials in 5-mV increments to 0 mV. The pulse duration was 400 ms and the interpulse interval was 10 s.
